INTRODUCTION
============

The mammalian mitochondrial genome (mtDNA) is a small (∼16.5 kb) circular genome found in multiple copies in all nucleated cells. It encodes 22 mt-tRNAs, 2 mt-rRNAs and 13 proteins which are integral components of the complexes that couple oxidative phosphorylation. As a direct consequence of its close proximity to the mitochondrial electron transfer chain and a lack of protective histones, mtDNA is considered as being more damage prone than its nuclear counterpart ([@B1]). As mtDNA mutations are known to cause a variety of mainly neurodegenerative disorders and have been implicated in the ageing process itself ([@B2; @B3; @B4]), it is important that such lesions are efficiently repaired.

The topic of DNA repair has received substantial interest ([@B5],[@B6]). Whilst the nucleus possesses multiple well-characterized DNA repair mechanisms, the molecular components of only the base excision repair (BER) pathway have been described in mammalian mitochondria, although a mismatch repair and non-homologous end-joining pathway may also exist ([@B7],[@B8]). This BER mechanism is divided in two sub-pathways, the short-patch BER (spBER) and the long-patch BER (lpBER) ([@B9]), whose main difference lies in the DNA repair synthesis step. The existence of the latter in mitochondria has been recently demonstrated by several groups ([@B10],[@B11]) whilst the former was first described in the organelle \>10 years ago ([@B12]).

In more detail, the first step in both cases is the recognition and cleavage of the damaged base by a specific (broad range) DNA glycosylase. The state of the resulting abasic (AP) lesion then normally determines whether spBER or lpBER is needed to complete the repair reaction. After cleavage by a monofunctional DNA glycosylase such as uracil DNA glycosylase (UDG), a synthesis-compatible 3′-hydroxyl end is generated by the AP endonuclease 1 (APE1), leaving a 5′-deoxyribose phosphate (dRp). When a bi-functional glycosylase such as OGG1 is involved, the base removal is followed by a lyase activity resulting in a terminal 5′-phosphate. The lesion is further resolved by APE1 which produces a 3′-OH. In spBER, mitochondrial DNA polymerase γ, the sole mitochondrial replicative and repair polymerase, adds the missing nucleotide before ligation. In cases where the 3′-terminus is non-ligatable, repair synthesis stalls after addition of one nucleotide. The lpBER facilitates the rescue of such stalled complexes by allowing strand displacement to occur. Recent reports have shown that both Fen1 and the DNA2 helicase/nuclease are involved in mtDNA strand displacement and cleavage ([@B13]). Synthesis of 2--6 nt occurs, displacing the original DNA strand, which is then recognized by Fen1/DNA2 and cleaved, leaving a 5′-phosphate that can be ligated by the mitochondrial DNA ligase III. Normally, simple abasic sites are repaired by spBER. However, it has recently been shown that sites generated by uracil-*N*-glycosylase activity in mitochondria can also act as substrates for lpBER ([@B14]).

Although evidence for the two forms of BER in mammalian mitochondria is compelling, the physical organization of these processes in the mitochondrion is unclear and potentially very elaborate. It is generally accepted that mtDNA is anchored to the mitochondrial membrane by an uncharacterized mechanism involving mtDNA sequence from the control region ([@B15]). DNA glycosylases, DNA polymerase γ and DNA ligase III also seem to interact with an inner membrane-containing particulate fraction, but strikingly this interaction does not appear to be mediated by the mtDNA ([@B16]). Moreover, despite their co-localization in the mitochondrial membrane, the different repair components do not seem to stably interact with each other and to build complete repair complexes in mitochondria, at least for the uracil repair pathway ([@B17]). Further investigation of these mechanisms has been hindered by the absence of a possibility to analyse the repair of a traceable DNA substrate in a physiological context.

We recently demonstrated that isolated mammalian mitochondria are competent for low level DNA uptake ([@B18]). In the present work, we developed *in organello* DNA import and repair assays based on this mechanism. We showed that exogenous DNA fragments associate with the mitochondrial inner membrane upon import. Using specifically designed synthetic sequences, we demonstrate that both mitochondrial spBER and lpBER function to remove and replace uracil in imported DNA. Finally, we show that *bona fide* DNA repair synthesis occurs only in association with the membranes in the *in organello* physiological context, while generic DNA-dependent DNA synthesis predominates in the soluble mitochondrial compartment. We therefore conclude that DNA must be anchored to the membrane to facilitate BER in mammalian mitochondria.

MATERIALS AND METHODS
=====================

Preparation of internally labelled standard DNA import substrates
-----------------------------------------------------------------

Five DNA amplicons, ranging from 221 to 235 bp were PCR-generated from isolated rat mtDNA using the primers described in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1). Four corresponded to different sections of the rat mtDNA non-coding region (NCR) (NC1--NC4) and one, ExtNC, was internal to rat *MT-CO1*. A sixth probe, ctGFP, corresponded to a 390 bp fragment from the GFP coding sequence of pGFPDloopLuc ([@B18]). Aliquots (50 ng) of each PCR product were transferred to a new reaction mixture with the same primer pair but with cold dCTP substituted with radiolabelled \[α^32^P\]dCTP (50 µCi, 3000 Ci/mmol). One PCR cycle with a 10 min elongation was performed before the addition of 0.2 nmol cold dCTP and another 5 min elongation step. For strand-specific labelling of NC2, a similar single cycle was performed from 50 ng of the PCR product as template but with only one primer. After labelling, the displaced, cold, single DNA strand was digested by Exo-Sap (USB) following the manufacturer\'s; recommendations. Unincorporated radionucleotide was removed from all products by passing through a Sephadex G50 column followed by ethanol precipitation.

Preparation of end-labelled uracil-containing duplex import substrates
----------------------------------------------------------------------

Both 110 nt uracil-containing oligomers were purchased from Sigma-Aldrich and were used directly or further subjected to standard RP-HPLC. Their sequences are given in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1). Oligomer ct110 is the identical standard oligodeoxynucleotide to U/Arep, with the two uracils substituted with thymine ([Figure 3](#F3){ref-type="fig"}). Prior to annealing with their standard complementary strand, 50 pmol were end-labelled by T4 polynucleotide kinase in the presence of 17 pmol of \[γ^32^P\]ATP (10 mCi/ml, 3000 Ci/mmol). Free ATP was eliminated by gel-filtration through Sephadex G50. The DNA was then phenol extracted, ethanol precipitated and resuspended in hybridization buffer (NaCl 1 mM, EDTA 10 mM, Tris--HCl 100 mM pH 7.6). An excess (500 pmol) of complementary strand was added and the temperature was raised to 70°C for 10 min before slowly cooling down to room temperature. The annealed duplex was separated from the remaining single strands by electrophoresis through a 15% (w/v) non-denaturating polyacrylamide gel and the labelled dsDNA was visualized by autoradiography. The matching gel area was cut out and submitted to elution in 3 mM EDTA, 0.5 M ammonium acetate, 10 mM magnesium acetate, 0.1% (w/v) SDS overnight at 4°C. Figure 1.Sequence-dependent association of imported DNA with the mitochondrial particulate fraction. (**A**) Mitochondrial sub-fractionation*.* Isolated rat liver mitochondria were disrupted by repeated freezing and thawing. Soluble (Solu) and particulate (Part) fractions were separated by centrifugation at 100 000*g* for 1 h and the indicated amount of protein from the different fractions was subjected to western blot analysis. Purity of fractions was assessed by blotting with antibodies against marker proteins. The VDAC and a component of respiratory chain complex I (NDUFB8) are outer and inner membrane markers, respectively; glutamate dehydrogenase (GDH) and the mitochondrial translation release factor (mtRF1a) are matrix soluble markers. (**B**) NCR corresponding sequences show a strong association with the particulate fraction after import into isolated rat mitochondria. Four probes ranging from 221 to 235 bp (NC1--NC4) spanning most of the NCR, an additional mtDNA probe from outside the NCR (ExtNC) and a 390 bp probe from the GFP coding sequence (ctGFP) were PCR amplified and internally labelled with \[α^32^P\]dCTP (primers and locations are given in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1)). Following a 45-min incubation with coupled rat mitochondria, non-imported DNA was DNase I digested, mitochondria sub-fractionated, protected DNA was extracted and subjected to non-denaturing gel electrophoresis prior to autoradiography and visualization as detailed in 'Materials and Methods' section. Typical results are shown from three repeats. Solu and Part refer to the soluble and particulate mitochondrial fractions, respectively. Markers refer to labelled probes (NC2 and ctGFP) of the indicated sizes. (**C**) Imported NCR DNA associates rapidly with the particulate fraction in a saturable process*.* A representative probe for the NCR, NC2 and the two additional probes ExtNC and ctGFP were internally labelled as in [Figure 2](#F2){ref-type="fig"}B. Incubation of mitochondria with each probe was terminated after 15, 30 or 45 min (indicated as increasing time) before sub-fractionation, DNA extraction and visualization as for [Figure 2](#F2){ref-type="fig"}B. Typical results are shown from three repeats. Figure 2.Sequence selective association of imported DNA with the particulate fraction is not strand specific. (**A**) Schematic representation of the mitochondrial genome, with emphasis on the triplex displacement (D)-loop region. The short 7S species is indicated. (**B**) Association of imported NC DNA with the particulate fraction is not strand specific. Three different 225 bp NC2 probes were prepared, carrying radiolabel on both strands (DS), the heavy strand (HS) or the light strand (LS) as illustrated. Import experiments were performed with isolated rat mitochondria for 15 min before DNaseI treatment and sub-fractionation as described in the legend of [Figure 2](#F2){ref-type="fig"}A. Radiolabelled probe from each different fraction was analysed after extraction and electrophoresis in non-denaturing conditions as in [Figure 2](#F2){ref-type="fig"}B. The percentage of the DNA retrieved in each of the two fractions was calculated as described in 'Materials and Methods' section and are represented as a histogram. Bars show standard deviations from five independent repeats. Figure 3.Imported uracil-containing DNA is cleaved at the uracils. Standard 110 nt oligodeoxynucleotide (ctDNA, lanes 1--3) or containing uracil residues at positions 32 and 63 (U/Arep 110; lanes 4--6) was γ^32^P-end-labelled, annealed to its complement and incubated with rat liver mitochondria in standard IM as described. Following import for 45 (lanes 1--4 and 6) or 105 min \[M (105); lane 5\], mitochondria were DNase treated (lanes 1, 2 and 4--6) or solubilized prior to DNase treatment (sol+DNase; lane 3). DNA was then extracted from the mitochondrial pellet (M; lanes 1, 4 and 5), solubilized mitochondria (lane 3) or supernatant (Sup; lanes 2 and 6), precipitated and separated by denaturing polyacrylamide gel electrophoresis before autoradiography. Markers were prepared by end-labelling oligomers of the indicated sizes and corresponded to the migration of the U/Arep DNA cleaved at the incorporated uracils as indicated.

Preparation of randomly incorporated uracil-containing DNA import substrates
----------------------------------------------------------------------------

A 1060 bp (NCR probe) or a 225 bp (NC2 probe) section of the rat mDNA NCR was PCR-amplified using the primers indicated in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1). The reactions were run in the presence of 100 µM of the four dNTPs and were supplemented with the following amounts of dUTP: no dUTP (U0 probes), 10 µM (U1 probes), 100 µM (U2 probes) or 1 mM (U3 probes). We observed that dUTP concentrations higher than 1 mM inhibited the PCR reaction. Uracil incorporation was checked using a commercial uracil excison mix (Epicentre) following the manufacturer\'s; instructions. The PCR products were purified by electrophoresis through 1% (w/v) low melting agarose gels, extracted and precipitated.

Isolation of mitochondria
-------------------------

Mitochondria were prepared from the livers of Wistar rats (200--250 g), dispatched by cervical dislocation and used at most 4 h post-mortem. The liver was transferred directly into 25 ml of ice-cold MSE \[220 mM mannitol, 70 mM sucrose, 10 mM HEPES--KOH pH 7.4, 1 mM MgCI~2~, 1 mM EGTA, 1% (w/v) BSA\]. All of the following steps were implemented on ice in a 4°C room. The liver was minced, suspended in 30 ml of MSE with 0.33 mM PMSF and homogenized by 15 strokes of a Potter--Elvehjem, glass--teflon homogenizer. Following centrifugation (400 *g*, 4 min), the pellet was discarded and the supernatant centrifuged at 8600*g* for 10 min. The mitochondrial pellet was carefully resuspended in 4.5 ml of MSE and the differential centrifugation was repeated. Mitochondria were finally washed and resuspended in MSE minus BSA prior to estimating the protein concentration by the Bradford assay (BioRad).

Mitochondrial import reactions
------------------------------

Mitochondria (250 µg of protein) were pre-equilibrated in 200 µl import buffer (IB) (220 mM mannitol, 70 mM sucrose, 20 mM Tris--HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, 10 mM glutamate, 1 mM malate) for 20 min at 30°C under mild shaking. Radiolabelled DNA substrate (∼10 ng) was then added and the organelles were further incubated for the indicated time. The suspension was subsequently supplemented with DNase I (200 µg) and MgCl~2~ (10 mM) to digest the non-imported DNA. After 20 min, the medium was further supplemented with EDTA (40 mM) and EGTA (10 mM) and centrifuged for 10 min at 9000*g*. The pellet was resuspended in 200 µl IB plus EDTA/EGTA and harvested again before mitochondrial sub-fractionation.

Mitochondrial sub-fractionation
-------------------------------

Following DNA import, mitochondrial pellets were frozen and thawed three times in 100 µl IB before centrifugation at 100 000*g* for 1 h. The supernatant was saved as the soluble fraction and the pellet was resuspended in an equal volume of 20 mM Tris--HCl pH 8.0, 2 mM EDTA, 100 mM NaCl, 1% (w/v) SDS to produce the membrane-rich particulate fraction. To confirm successful separation of particulate and matrix soluble fractions, aliquots were fractionated by SDS-PAGE on 12% (w/v) polyacrylamide gels and transferred onto an immobilon® membrane (millipore) in 25 mM Tris, 192 mM glycine, 0.02% (w/v) SDS, 20% (v/v) methanol, pH 8.3. Blots were probed with the indicated antibodies and visualized using the ECL+ chemiluminescence kit (GE Healthcare) following binding of HRP-conjugated secondary antibodies.

Pre-loading of mitochondria with radionucleotides and DNA repair synthesis
--------------------------------------------------------------------------

For *in organello* DNA repair synthesis experiments, mitochondria (250 µg of protein) were incubated at 30°C under mild shaking in 300 µl of RB (75 mM mannitol, 25 mM sucrose, 100 mM KCl, 10 mM Tris--HCl, 10 mM KH~2~PO~4~, 0.05 mM EGTA, 10 mM glutamate, 1 mM malate, pH 7.4) supplemented with 60 nM of either \[α^32^P\]dCTP or \[α^32^P\]dTTP and 250 µM of the three other, unlabelled dNTPs. After 20 min, the mitochondria were harvested by centrifugation for 10 min at 9000*g*, washed, resuspended in 300 µl of RB and further incubated for 45 min to 2 h as indicated, with 500 ng of unlabelled uracil-containing probe.

Nucleic acid extraction and analysis following mitochondrial import/repair assays
---------------------------------------------------------------------------------

To analyse the import of NC1--NC4, ExtNC and ctGFP probes, mitochondrial sub-fractions were phenol extracted at 55°C. Nucleic acids were ethanol precipitated, fractionated by electrophoresis on either 10% (w/v) polyacrylamide gels or 10% (w/v) polyacrylamide gel with urea 7 M (denaturing conditions; see figure legends) in TBE (90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 8.0) and visualized by autoradiography. Where necessary, signal intensities were compared using the ImageJ software (<http://rsbweb.nih.gov/ij/>).

To analyse the import/incision of the end-labelled 110 bp probes ctDNA 110 and U/Arep 110, post-import mitochondrial pellets were phenol extracted at 55°C. Nucleic acids were ethanol precipitated and denatured for 5 min at 95°C in DNA loading buffer \[formamide 95% (v/v), EDTA 20 mM, bromphenol blue 0.05% (w/v), xylene cyanol 0.05% (w/v)\]. Cleavage products were separated by migration on 15% (w/v) polyacrylamide, 7 M urea gels in TBE. Gels were exposed to a phosphorimager plate (Fuji) and visualized by ImageQuant analysis.

To analyse *in organello* complete repair of the uracil-containing 1060 bp DNA fragments NCFU0-- NCFU3, post-import mitochondrial pellets were phenol extracted at 55°C. Nucleic acids were ethanol precipitated before migration on 1% (w/v) agarose gels in TAE (40 mM Tris--acetate, 1 mM EDTA, pH 8.0), transfer to a nylon membrane and exposure to a phosphorimager plate.

To analyse the localization of the repair reactions with the 225 bp NC2U0--NC2U3 probes or the 110 bp U/Arep and U/Anick probes, nucleic acids were prepared as above from the sub-mitochondrial fractions, denatured for 5 min at 95°C in DNA loading buffer and separated on 15% (w/v) polyacrylamide, 7 M urea gels in TBE. Repair products were visualized by autoradiography.

RESULTS
=======

Exogenous DNA probes show association with the membrane upon mitochondrial import
---------------------------------------------------------------------------------

As has been published previously, limited amounts of naked DNA (∼10 ng DNA per milligram mitochondrial protein) can access the inner compartment of isolated mammalian mitochondria or mitoplasts ([@B18]). The imported DNA can be transcribed, implying that it is recruited by organelle enzymes and factors involved in mtDNA metabolism. Previous DNA uptake studies had shown a rapid and saturable association of the imported DNA with the endogenous mtDNA when the imported molecule contained sequences corresponding to the NCR ([@B18]). Further, it has been reported that mtDNA, despite being a large polyanion, is anchored to the inner membrane (IM), primarily via interactions with its NCR ([@B15],[@B19]). We therefore wished to determine the sub-mitochondrial localization of the exogenous DNA upon import and to assess whether this localization was dependent on sequences present within the NCR.

Four DNA fragments ranging from 221 to 235 bp (NC1--NC4), spanning the rat mtDNA NCR was prepared. In addition, two other DNA probes corresponding either to a mtDNA sequence taken outside of the NCR (ExtNC, 224 bp) or to the GFP coding sequence (ctGFP, 390 bp) were generated. Import assays into isolated rat liver mitochondria were then performed with the six probes. After 45-min incubation, a DNase treatment was performed to eliminate all non-imported DNA and the organelles were sub-fractionated into a soluble and particulate fraction. The two fractions were used for western blot analysis and nucleic acid extraction. Western blot analysis confirmed a substantial enrichment of mitochondrial inner membrane components in the particulate fraction and of matrix proteins in the soluble fraction, as shown in [Figure 1](#F1){ref-type="fig"}A and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1).

Representative results of nucleic acid analysis are displayed in [Figure 1](#F1){ref-type="fig"}B. After import, all probes showed partitioning between the two fractions. However, sequences NC1--NC4 were found mostly associated with the particulate fraction, whereas a major part of ExtNC and ctGFP was recovered in the soluble fraction. Three additional probes generated to other regions of the rat mtDNA outside the NCR were also associated mainly with the soluble fraction ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1)). These data infer that the imported DNA binds to the membranes and that sharing sequence identity with the mtDNA NCR further promotes such a membrane association.

Association of the imported DNA with the IM is a rapid and saturable process
----------------------------------------------------------------------------

As mentioned, [Figure 1](#F1){ref-type="fig"}B shows that after a 45-min import experiment, there was an interaction of the imported DNA with the mitochondrial membrane. All probes derived from the mtDNA NCR shared a higher membrane-binding capacity but the bias appeared to be relatively mild, with 30--40% of the NCR probe still being found in the soluble fraction at the end of the experiment. Conversely, for non-NCR sequences, ∼70% of the probe was found in the soluble fraction after 45 min (66 and 72% for ExtNC and ctGFP, respectively).

To characterize the process in more detail, import kinetics were assessed over a 45 min time course, with the mitochondria from each sample being sub-fractionated as above. No obvious selectivity was apparent in the sorting of the NC1--NC4 probes in previous assays ([Figure 1](#F1){ref-type="fig"}B). We thus decided to focus only on NC2 as a representative probe for the NCR, together with ExtNC and ctGFP. As shown in [Figure 1](#F1){ref-type="fig"}C, the association of NC2, ExtNC and ctGFP with the membrane was rapidly saturated, with only a minimal increase between 15 and 45 min (lanes 1--3, 7--9 and 13--15). However, the NC2 sequence had a markedly stronger signal (lane 1 *cf*. 7, 13). In contrast, the imported DNA accumulated in the soluble fraction in a time-dependent manner (lanes 4--6, 10--12 and 16--18). These data are consistent with the imported DNA first associating with an available membrane-located 'receptor' upon import through the IM. Subsequent accumulation of the incoming DNA in the soluble fraction would then depend on the affinity of the probe for the receptor.

The exact nature of the 'receptor' tethering the probe to the membrane is unclear. The imported DNA might be recognized by a membrane protein(s). However, all probes derived from the NCR appeared to associate with the membrane with equal avidity, whilst all other probes showed lower level association. This suggests that the NCR has some special affinity for the receptor and is consistent with the view that the mtDNA anchors to the IM primarily via its NCR. In previous experiments, imported DNA containing the NCR sequence was shown to form a higher molecular weight structure with the endogenous mtDNA ([@B18]). Another possible explanation would thus be that, besides recognition by a protein receptor, the NC probes can undergo a strand invasion of the endogenous displacement loop, which normally assumes a partially open triple-stranded structure ([Figure 2](#F2){ref-type="fig"}A). The most obvious option in this respect seems to be that the NCR probes would displace the third strand, i.e. the 7S DNA strand. In such a view, the mtDNA itself would be an anchoring 'receptor' element.

To test the hypothesis of a 7S DNA strand displacement, we determined whether the interaction of the NC2 probe was strand specific. We labelled either strand of duplex NC2 independently as described in the 'Materials and Methods' section and mitochondrial import was allowed to proceed for 15 min before sub-fractionation and nucleic acid extraction. Representative autoradiograms are shown as [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1). The control probe labelled on both strands displayed the same association pattern as previously observed ([Figure 2](#F2){ref-type="fig"}B DS; see NC2, [Figure 1](#F1){ref-type="fig"}B for comparison), the vast majority of the imported DNA being found associated with the membrane fraction. Similarly, duplexes radiolabelled in either the heavy or light strand also accumulated in the particulate fraction after 15 min ([Figure 2](#F2){ref-type="fig"}B; HS, LS). As the 7S DNA is a heavy strand sequence, it was not expected to be displaced by a labelled light strand probe. The data thus suggest that strand invasion is unlikely to explain the sequence-specific membrane association or the interaction with the endogenous mtDNA that has been noted above.

Uracil-containing DNA imported into mitochondria can be cleaved at the level of uracil
--------------------------------------------------------------------------------------

Previous studies showed that DNA imported into isolated rat liver mitochondria can also act as a template for DNA synthesis ([@B18]). What exactly constitutes this DNA synthesis has not been defined so far and we postulated that it might include DNA repair processes. First, we wished to assess whether uracil residues could be recognized and removed on import into isolated mitochondria. A 110-bp end-labelled dsDNA fragment was either synthesized with only standard deoxyribonucleotides (ctDNA110) or contained two uracil bases (U/Arep 110) at positions 32 and 63 of the radiolabelled strand, as detailed in [Figure 3](#F3){ref-type="fig"}. These two substrates were in turn used for import assays with rat liver mitochondria. After 45 min of import in standard IM followed by DNase treatment, nucleic acids were extracted and subsequently analysed by denaturing gel electrophoresis.

As shown in [Figure 3](#F3){ref-type="fig"}, the control DNA (ctDNA110) of 110 nt was protected after DNase treatment (lane 1) and was lost if the mitochondria were solubilized prior to treatment (lane 3). In contrast, three species were found after import of the U/Arep 110 (lane 4), a 110 nt intact form and two specific cleavage products of 31 and 62 nt. These products corresponded to cleavage occurring specifically at the positions of uracil and thus were presumably mediated by the mitochondrial uracil--DNA glycosylase \[UNG, ([@B20],[@B21])\] and AP endonuclease(s) ([@B22],[@B23]). An import incubation extended to 105 min led to an accumulation of the 31 nt species (lane 5). In standard IM, we did not observe any appreciable ligation of cleaved products in the extended incubation. To rule out the possibility that the specific cleavage may have occurred outside the mitochondrion, the reaction supernatant was removed and analysed just prior to DNase treatment. Crucially, only full-length molecules were present in the post-mitochondrial supernatant after incubation (lane 6), confirming that the uracil excision activities must have occurred within the mitochondrion. These data demonstrate that the imported DNA can indeed recruit DNA repair enzymes and confirms that natural competence can be used to study mitochondrial DNA repair *in organello*.

Imported uracil-containing DNA can act as a template for DNA synthesis in isolated mitochondria
-----------------------------------------------------------------------------------------------

Having shown that imported uracil-containing DNA can recruit the enzymes leading to damage excision, we next assessed the ability of isolated mammalian mitochondria to carry out complete repair, including repair synthesis and potentially religation. For that purpose, we first tested the mitochondrial import and repair-mediated DNA synthesis potential of a uracil-containing 1060 bp DNA fragment (NCF) corresponding to the rat mtDNA NCR. DNA probes NCFU0--NCFU3 were prepared by PCR with increasing concentrations of dUTP, the incorporated uracil pairing with adenine. To assess DNA repair synthesis following the removal of uracil on import into mitochondria, experiments were performed with two independent radionucleotides. Incorporation of \[α^32^P\]dTMP should occur irrespective of the mechanism of uracil replacement, as any repair process would start with the incorporation of this nucleotide to substitute the displaced uracil. Similar experiments were also performed with \[α^32^P\]dCTP to determine whether repair synthesis was capable of incorporating \>1 nt.

Prior to the DNA import and repair assays, isolated rat liver mitochondria were first loaded with free \[α^32^P\]dTTP or \[α^32^P\]dCTP in DNA repair buffer, harvested and the non-imported free dNTPs removed (see 'Materials and Methods' section and [Figure 4](#F4){ref-type="fig"}A). Mitochondria were then incubated for 45 min in DNA repair buffer with DNA probes NCFU0, NCFU2 and NCFU3, followed by nucleic acid extraction and non-denaturing gel electrophoresis. Typical results are shown in [Figure 4](#F4){ref-type="fig"}A. \[α^32^P\]dTMP and \[α^32^P\]dCMP were both incorporated into probes NCFU2 and NCFU3, with a stronger signal for NCFU3 (lanes 3 and 6, respectively), consistent with the increased amount of uracil in the probe. The absence of incorporation into NCFU0 (lanes 1 and 4) showed that the DNA synthesis observed with NCFU2 and NCFU3 was indeed damage driven and that repair had occurred with the uracil-containing probes. Control experiments using NCFU3 with aphidicolin (500 µM) present during the incubation confirmed that incorporation was not mediated by contaminating aphidicolin-sensitive polymerases ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkp1143/DC1)). Although non-imported free dNTPs had been removed from the loaded mitochondrial preparation, it was crucial to ensure that the damage-driven DNA synthesis did not result from cytosolic contamination but did occur in the mitochondria. We therefore precipitated the DNA probe from the post-import supernatant prior to DNase I treatment. No signal could be demonstrated in the precipitant, consistent with either degradation of DNA outside the mitochondrion or with the absence of repair of non-imported DNA (data not shown). Figure 4.DNA repair mechanisms differ dependent on their mitochondrial location. (**A**) Mitochondria repair uracil-containing DNA on import. In these import and repair experiments the isolated mitochondria were first (i) incubated with the free radionucleotide (dTTP lanes 1--3; dCTP lanes 4--6), (ii) harvested and (iii) washed twice to remove unincorporated radiolabel. Aliquots of 1060 bp probe were prepared with increasing levels of uracil incorporation (U0--U3) as detailed in 'Materials and Methods' section and incubated with the pre-loaded mitochondria in DNA repair buffer (RB) for 45 min before DNase I treatment, DNA extraction, separation through non-denaturing gels, transfer to nylon membranes and visualization. (**B**) Mitochondrial sub-fractions show differing DNA repair mechanisms. Aliquots of probe NC2 were prepared with increasing amounts of uridine prior to incubation with pre-loaded mitochondria in RB for 2 h. Following import, mitochondria were sub-fractionated and incorporation of radiolabel into the probe in each fraction was monitored after migration under denaturing conditions and autoradiography. Upper panel, mitochondria were pre-loaded with dCTP; lower panel, dTTP. (**C**) Repair driven DNA synthesis as a function of time. A similar experiment was performed with pre-loaded mitochondria incubated for the indicated times with probe NC2U3. Mitochondria were sub-fractionated, DNA isolated and analysed exactly as described in B.

From these assays, we concluded that the imported DNA can recruit not only the glycosylase and AP endonuclease activities but also the DNA polymerase (and potentially the ligase), further validating DNA import into isolated mitochondria as a tool for physiological analysis of repair. As revealed with \[α^32^P\]dCTP, more than one deoxyribonucleotide was incorporated into the repair patch, suggesting that the spBER was not the only repair pathway occurring with our uracil-containing probes.

The mechanism of DNA damage-driven synthesis differs between the membrane and soluble compartment
-------------------------------------------------------------------------------------------------

The mammalian mtDNA BER machinery has been found to be at least partially associated with an IM-containing mitochondrial particulate fraction ([@B16]). According to the above experiments, DNA imported into isolated rat liver mitochondria also associates with the membrane, with greater affinity if the sequence shares similarity with any part of the NCR. This interaction then becomes saturated and further imported probes accumulate in the soluble matrix compartment. On this basis, we used our *in organello* approach to determine whether repair occurred predominantly in the membrane-associated DNA fraction or in the matrix-localized fraction. Further, selective repair with radiolabelled dCTP or dTTP enabled us to investigate whether different mechanisms exist in different compartments for DNA damage-driven synthesis. To examine these processes, we first incorporated increasing amounts of uracil into the 225 bp NC2 fragment (see above) and yielded the NC2U0--NC2U3 probes. *In organello* DNA repair experiments were then performed as described above in [Figure 4](#F4){ref-type="fig"}A except with an increased incubation period to 2 h to promote complete repair, followed by sub-fractionation steps as in [Figure 1](#F1){ref-type="fig"}, DNA extraction and visualization following denaturing gel electrophoresis.

As shown in [Figure 4](#F4){ref-type="fig"}B and C, radiolabelled dCMP and dTMP were incorporated into a complete 225 nt product, both in the membrane-associated DNA fraction and the matrix-localized fraction. DNA synthesis was again dependent on the amount of uracil in the probe and hence, was damage driven. The efficiency was nevertheless quite different between the soluble and membrane fractions. Incorporation of dCMP into a uracil-containing template showed that synthesis of \>1 nt at the repair site predominated in the soluble fraction (compare NC2U2 and NC2U3 soluble versus NC2U3 particulate). The mechanism of DNA repair synthesis thus seemed to differ regarding the mitochondrial sub-localization of the probe. dTMP is the first nucleotide to be incorporated in a BER-type DNA repair synthesis but a signal from dTMP incorporation does not necessarily imply that only 1 nt has been added during the repair step. Nevertheless, different patterns were also observed with this radiolabel between NC2U2/NC2U3 soluble and NC2U2/NC2U3 particulate. Strikingly, the strongest signals were obtained for the membrane fraction in this case, the opposite to what was observed with radioactive dCTP.

It cannot be excluded that comparing the signals produced from the incorporation of dCMP and dTMP is biased, as the relative rates of mitochondrial import for these two nucleotides or their overall concentration in the matrix have not been determined. However, if the assumption is made that both are comparable, as the signal for dTMP incorporation was stronger than that for dCMP incorporation in the particulate fraction it suggests that spBER is the main repair process in the membrane-associated DNA fraction.

We next conducted a time course of *in organello* import and repair of the NC2U3 probe to further elucidate the process ([Figure 4](#F4){ref-type="fig"}C). In the soluble fraction, the earliest and strongest signal came from the incorporation of \[α^32^P\]dCMP, while the incorporation of labelled dTMP was again far more efficient in the particulate fraction. This difference further supported the previous observations that the freely soluble DNA mainly incorporated more than one nucleotide, while membrane-associated DNA incorporated only one nucleotide in most cases, a canonical feature of spBER. Nevertheless, dCMP was also significantly incorporated into the particulate fraction, supporting the concept of two mechanisms of DNA repair occurring at the membrane level.

Both spBER and lpBER occur in the membrane-associated DNA fraction
------------------------------------------------------------------

As mentioned, all experiments at that stage suggested that the major DNA repair mechanism at the membrane level mediates the substitution of a single uridine for a thymidine, consistent with spBER. However, as cytidine was also incorporated into membrane-associated DNA, albeit with an apparent lower efficiency, this could be representative either of lpBER or of some generic DNA synthesis driven by a nicked dsDNA template. In order to discriminate between *bona fide* lpBER and generic, nick-mediated DNA synthesis, an additional probe was designed. This was similar to the above double-stranded 110 bp U/Arep bearing two uracils at positions 32 and 63 but with an appropriately biased sequence ([Figure 5](#F5){ref-type="fig"} Figure 5.DNA synthesis in the particulate fraction is limited to the long patch BER range. (**A**) Design of repair template. Two uracil-containing sequence-bias 110 nt oligonucleotides were designed to evaluate different DNA repair mechanisms in the mitochondrion, end-labelled and annealed to their complementary standard oligomer. Uracils were incorporated at positions 32 and 63 as indicated. To assess the mode of DNA repair, cytosines were added distal to the uracils and well beyond the 6--8 nt long patch region (U/A nick), or specifically within the long patch (U/A rep). (**B**) BER occurs at the mitochondrial membrane*.* Isolated mitochondria were preloaded with the indicated radionucleotide before 45 min incubation in RB with either U/Arep or U/Anick and sub-fractionation as described in 'Materials and Methods' section. DNA was extracted post-import and subjected to native gel electrophoresis prior to autoradiography. Images are accurate representations from one of three independent repeats. (**C**) Schematic representation to describe the modes of DNA repair observed. In (i) uracil is removed from the template. In (ii) enzymes coordinate uracil removal and nucleotides incorporation into a patch spanning six residues with the excision of the 'flapping structure', consistent with lpBER as seen only with U/Arep and only in the particulate fraction. In (iii) generic nick-directed DNA synthesis occurs on the oligomer, with cytosine replaced throughout the template, as seen with the U/Anick template.A). In the U/Arep template, three cytidine nucleosides could be incorporated within six residues from each of the original uracil positions, a distance that would be covered by the lpBER pathway. Alternatively, U/Anick had no cytosine in close proximity to the uracil and was therefore suitable to uniquely monitor long-range generic DNA synthesis through radiolabelled dCMP incorporation.

Rat liver mitochondria were pre-loaded with \[α^32^P\]dTTP or \[α^32^P\]dCTP, as described, subjected to import/repair assays with either U/Arep or U/Anick and finally sub-fractionated into a soluble and particulate fraction. Not surprisingly, thymidine incorporation was observed with both templates ([Figure 5](#F5){ref-type="fig"}B), as repair synthesis will always start with the substitution of uridine for thymidine and would occur with any of the three mechanisms, spBER, lpBER or generic nick-directed DNA synthesis. Cytidine was incorporated into both U/Arep and U/Anick in the soluble DNA fraction, suggesting that nick-directed DNA synthesis could account for at least part of the damage-driven DNA synthesis observed in this fraction. In contrast, cytidine incorporation into the membrane-associated DNA only occurred with U/Arep, which carried cytosines close to the uracils, i.e. within the lpBER range. The absence of \[α^32^P\]dCMP labelling for U/Anick, in which cytosines were located much further downstream of the uracils, showed that in the membrane-associated DNA *de novo* incorporation stopped after a few nucleotides. Hence, repair of uracil in the membrane compartment involved lpBER but not generic nick-directed DNA synthesis. Finally, the incorporation of \[α^32^P\]dTMP into the particulate fraction of U/Arep was much greater than that of \[α^32^P\]dCMP, although in the sequence there were three cytosines in the lpBER range downstream of each uracil. As the specific activities of the two radionucleotides were similar and provided that their mitochondrial import efficiencies and matrix concentrations were also comparable, this means that in a large sub-population of the molecules, repair synthesis only replaced the uridine, implicating again spBER.

We have therefore observed three different types of DNA repair synthesis proceeding from the cleavage of uracil. In the soluble DNA fraction, the synthesis extends further than 6 nt downstream of the strand incision and could correspond to a form of nick-translation or strand displacement. In the membrane-associated DNA fraction, synthesis following removal of uracil occurs through both spBER and lpBER ([Figure 5](#F5){ref-type="fig"}C).

DISCUSSION
==========

spBER and lpBER activities have been described in mammalian mitochondrial extracts ([@B10],[@B12],[@B14]). Selective repair enzymes and the mtDNA itself have been reported as interacting with the inner membrane, but the organization of the repair reactions in physiological conditions was unknown. In this report, we took advantage of the natural DNA import competence of mammalian mitochondria ([@B18]) to study the complexity and distribution of the repair reactions in the context of intact organelles. Naked DNA uptake competence has been demonstrated for isolated plant, mammalian and yeast mitochondria ([@B24; @B25; @B26]) but the detailed molecular mechanism of the import has yet to be elucidated. Reports implicate the voltage dependent anion channel (VDAC) as the mediator for DNA translocation across the outer membrane. However, the inner membrane DNA carrier or channel remains elusive and to date no effective inhibitor of DNA import across the inner membrane of mammalian mitochondria has been found. Nevertheless, in the absence of *in vivo* mitochondrial transfection procedures, apart from the unicellular organisms *Saccharomyces cerevisiae* and *Chlamydomonas reinhardtii* ([@B27],[@B28]), the simplicity of this assay makes it an appealing system for experimental investigation of organellar DNA maintenance processes. Based on the import of appropriate DNA substrates, we demonstrated previously that plant mitochondria possess a spBER pathway ([@B24]). We have now been able to exploit the DNA import system to address the mechanisms of DNA repair in mammalian organelles. We show here that *bona fide* DNA repair reactions take place at sites where the DNA is anchored to the mitochondrial inner membrane. An unrelated, generic nick-directed DNA repair synthesis occurs in the soluble compartment.

A critical aspect of our experiments is the pre-loading of mitochondria with radiolabelled pyrimidine deoxyribonucleotides to ensure that the repair-driven incorporation of radiolabel must occur within the organelle. The mammalian mitochondrial membrane has been proposed to possess a deoxyribonucleotide carrier (DNC, encoded by the human SLC25A19 gene) ([@B29]) and a pyrimidine nucleotide carrier (PNC1, homologue of the *S. cerevisiae* RIM2) ([@B30; @B31; @B32]). Both of these might have promoted mitochondrial uptake of \[α^32^P\]dCTP and \[α^32^P\]dTTP in our assays. On the other hand, assessing the mitochondrial import with low dTTP concentrations (5 nM *cf* 60 nM for our experiments), Ferraro *et al.* ([@B33]) showed that dTTP was dephosphorylated by enzymes associated with the isolated mitochondria and that dTMP was imported by a further, highly sensitive carrier which remains to be identified. The thymidine monophosphate would then be used as a progenitor of dTTP in the organelles, possibly being sequentially phosphorylated by the recent candidate mitochondrial kinases TMPK2 ([@B34]) and NDPK ([@B35]). Which of these pathways operated in our experiments has not been defined, as it was not the aim of this report to study the import mechanisms of deoxyribonucleotides but to use these mechanisms for loading. Nevertheless, all our control assays established that the observed repair synthesis reactions occurred inside mitochondria, implying that, in the conditions we used, the organelles gained relevant levels of radiolabelled dCTP and dTTP.

In previous studies, the destination of imported DNA inside mitochondria was not clarified. We show here that, following uptake, the exogenous DNA is distributed between the membrane, i.e. the site of nucleoids and the soluble compartment. This means that, upon import, at least part of the DNA joins the physiological location of the endogenous mtDNA. Although there is no obvious influence of the DNA sequence on the mitochondrial import efficiency ([@B18]), we also demonstrate here that sequences corresponding to the NCR will preferentially drive the imported DNA to the membrane association sites. The form of these DNA interactions with the inner membrane remains to be clarified. It has been postulated for some time that the endogenous mtDNA preferentially interacts with the inner membrane through the control region ([@B19]). Attempts to identify these mtDNA interaction sites in more detail revealed a region in the NCR around the major transcription promoters, as well as two other elements outside the NCR ([@B15]). Our findings that imported DNA containing part of the NCR shows higher affinity for the membrane fraction are in good agreement with these observations. It is also intriguing to note that human mtDNA has been reported to be indirectly associated with cytoskeletal elements, which are revealed after extraction of mitochondrial membranes ([@B36]). Such interactions mediated across the inner and outer membrane have also been shown in *S. cerevisiae* and *Trypanosoma* ([@B37],[@B38]).

As the four adjacent probes that we have derived from the NCR showed similar membrane avidities, we believe it is unlikely that we are measuring binding to a sequence-specific membrane receptor. Previous reports showing preferential interactions of imported DNA with the endogenous mtDNA when carrying NCR sequence are consistent with these data and suggest that the unusual D-loop structure of much of this region may act as the binding partner. However, we were unable to demonstrate any strand specificity that would have been in agreement with a strand displacement mode of interaction. Alternatively, it cannot be ruled out that a membrane-associated DNA anchoring protein with modest sequence selectivity could act as the receptor. ATAD3 has been postulated to interact with mtDNA *in vivo* and has been shown to bind to triplex sequence ([@B39]) but more recent experiments have argued against such a role ([@B40]). Thus, the exact nature of these DNA binding sites remains enigmatic but they may be essential for facilitating mtDNA transmission and replication in addition to directing mtDNA repair.

In these studies, BER occurred solely in the membrane compartment. Consistent with these findings, Stuart *et al.* ([@B16]) showed that most of the spBER machinery is associated with the mitochondrial inner membrane-containing particulate fraction. More specifically, the glycosylase, polymerase and ligase activities were found to be associated with the particulate fraction, with only marginal activity found freely soluble in a matrix extract. In the first instance, this looks consistent with the mtDNA itself being anchored to the membrane. However, the situation looks more complicated. First, membrane interaction of spBER enzymes seems to be independent of the mtDNA ([@B16]). Second, the AP endonuclease activity was mostly found in the matrix fraction, which is quite unexpected since AP endonuclease is important for releasing the glycosylase from the damage site and recruiting the downstream enzymes in the patch repair ([@B41]). It is even more striking when considering uracil repair, as uracil--DNA glycosylase is believed to be a monofunctional enzyme deprived of lyase activity and AP endonuclease is required to incise the AP site generated upon uracil excision. Third, localization to the membrane does not seem to mediate the formation of stable BER complexes ([@B17]). Finally, our *in organello* assays show that in intact mitochondria, activities relevant for base excision and single strand incision are also present in the soluble compartment. Altogether, it appears that the physiological localization of spBER reactions is at the membrane compartment but with a relaxed organization based on sequential, and in some cases transient, recruitment of the successive enzymes.

Recent work has revealed even more complexity to the overall process of mtDNA repair, as in addition to spBER, lpBER has been clearly demonstrated to occur in mammalian mitochondria ([@B11],[@B14]). This adds a new layer of organization to the mtDNA repair process, as more enzymes need to be recruited to complete the lpBER, such as the DNA helicase/nuclease DNA2 and the endonuclease FEN1 (Flap EndoNuclease 1). The former acts in cooperation with polymerase γ to unwind the DNA and generate a single strand displaced structure or flap. This flap structure is non-ligatable. It is processed by the conjugating activity of DNA2, which cleaves in the middle of the structure, allowing FEN1 to cut at the flap junction and generate a ligatable end for DNA ligase III ([@B13]). Information on the sub-mitochondrial localization of these two proteins is scarce. However, we have performed some preliminary western blot experiments and found the majority of the mitochondrial FEN1 protein in the organelle particulate fractions (data not shown).

In summary, our DNA import and repair experiments are the first to address both the localization of the DNA and the repair reactions simultaneously with the advantage of using intact mitochondria rather than protein extracts. This has enabled us to demonstrate that canonical BER occurs on DNA that is anchored to the inner membrane, whereas nicked DNA in the matrix soluble compartment acts as a template for generic nick-directed DNA synthesis. The latter activity can cover substantially more than the lpBER range of 6--8 nt, suggesting that a very long stretch of DNA can be displaced. We believe that in our *in organello* experiments, DNA polymerase γ is able to perform strand displacement in both the membrane-anchored and the matrix-localized nicked DNA but in the latter case the interactions which result in recognition of the flap structure are lost.
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